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1Introduction
1.1 Background and Motivation
Depleting oil reserves, combined with novel technology for exploiting remote natural
gas, makes natural gas an increasingly attractive raw material for the chemical industry1.
Fischer-Tropsch gas to liquids technology (F-T) and methanol synthesis (equations
1.5 and 1.6 respectively) are two ways of converting natural gas to more valuable and
easily transportable chemicals (liquids)2. The fact that methane is the main component
of North Sea natural gas (> 94 %)3 makes these processes relevant in a Norwegian
perspective.
The ﬁrst step in these processes is the conversion of natural gas to synthesis gas (a
mixture of carbon monoxide and hydrogen) followed by the synthesis of methanol from
synthesis gas. Today, synthesis gas production from natural gas is usually carried out
by steam reforming (equation 1.1) and/or auto thermal reforming (equation 1.4, 1.1
and 1.2) technologies3.
In methane steam reforming, methane is reacted with water vapor at temperatures
as high as 1273 K to produce syngas with a ratio of CO:H2 of 1:3. The high temperature
required for the reforming reaction makes this process highly energy intensive, moreover
the ratio between CO and H2 is not suitable for direct methanol or higher hydrocarbons
(F-T) synthesis and requires a secondary water gas shift unit to optimize it.
In the autothermal reforming process methane reacts ﬁrst with oxygen (equation
1.4, the energy released in this exothermic combustion step is used for the endothermal
1
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reforming reaction between the unreacted methane and the combustion products, water
and carbon dioxide (equation 1.1 and 1.2).
CH4 +H2O ⇔ CO + 3H2 (1.1)
CH4 + CO2 ⇔ 2CO + 2H2 (1.2)
CH4 + 2O2 → CO2 + 2H2O (1.3)
CH4 + 1/2O2 → 1/4CO2 + 1/2H2O + 3/4CH4 (1.4)
(2n+ 1)H2 + nCO → CnH2n+2 + nH2O (1.5)
CO + 2H2 → CH3OH (1.6)
Recently an alternative approach to methane conversion to syngas has received
increasing attention4. This approach belongs to the class of so called forced periodic
processes5,6. The reaction is here divided in two steps that proceed separately in space
and time, the solid catalyst acts now also as reactant and the gas phase reaction is
splitted to two gas-solid reactions.
In the speciﬁc case which forms the basis of this thesis, in a ﬁrst step, methane reacts
with a metal oxide, the metal oxide is being reduced and methane is being converted
to oxygenated products (CO2, CO, H2O) and H2. In a second step the metal oxide is
then reoxidized with air. A schematic illustration of this process is shown in Figure
1.1.
The reaction can be run continuously, if two reactors are used and the solid is
circulated between them, or discontinuously, if only one reactor is used and the gas
feed is periodically switched between reductant (methane) and oxidant (air).
There are several advantages in separating the overall (Catalytic partial oxydation)
reaction in two steps, the most relevant ones are4,7:
• No explosive gas mixture are formed, hydrocarbons can be fed at high concentration
(no direct mixing between oxygen and hydrocarbons takes place)
2
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Figure 1.1: Reaction Concept - Schematic representation of the cyclic oxidation of
methane with a metal oxide
• Air can be used as oxidant without resulting in product dilution
• The two reaction steps can be optimized separately
• Non selective reactions due to gas phase oxygen may be avoided, higher yields in
the desired products may be achieved
These advantages are accompanied by a number of drawbacks. The high amount of
metal oxide needed to run the reaction at industrial level is probably dominating among
them. Furthermore, the selected oxide must accomplish a number of chemical and
structural requirements, mainly related to the reduction-oxidation stability. Moreover,
additional speciﬁc equipment is required depending on the process design.
In spite of these drawbacks this reaction concept has been studied for several
oxidation and dehydrogenation reactions. Among them, oxidative coupling of methane8,
oxidative dehydrogenation of butane and propane9–14, butane oxidation to maleic
anhydride15,16, oxidation of propene to acrolein17, oxidation of acrolein to acrylic acid18
and dehydrogenation of alkanes19,20.
1.1.1 The remote gas challenge
A considerable amount of the natural gas reserves discovered but not yet exploited
are located in remote locations. With increasing demand in fossil fuels, exploiting
these reserves might become economically viable and this calls for proper technological
solutions. Natural gas ﬁelds in remote locations are often small, this makes pipelines
not a suitable solution for the transfer of the gas onshore. Methanol is a liquid product
3
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and is therefore easier to transport onshore via vessels. Converting natural gas to
methanol oﬀshore, on a ﬂoating unit, is one of the candidate processes for utilization
of these reserves.
The principal technologies for producing syngas from natural gas are: catalytic
steam methane reforming (SMR), two-step reforming, autothermal reforming (ATR),
partial oxidation (POX), and heat exchange reforming.
Adapting these technologies for oﬀshore applications in small ﬂoating units has
proved to be a challenging issue. Methane steam reforming produces syngas with a
CO/H2 lower than what needed for the downstream methanol production and requires
therefore additional steps for adjusting this ratio. Autothermal reforming on the other
hand delivers syngas with a correct CO/H2 ratio but requires oxygen as reactant.
Oxygen production and storage oﬀ shore in a ﬂoating unit is to be avoided for obvious
safety and economical reasons.
The conversion of methane to syngas through CPO reaction with a metal oxide can
deliver a correct CO/H2 ratio for methanol production and does not require oxygen
(can be run with air without product dilution), it might therefore be developed into a
technology for oﬀshore plants.
The reducible oxide used as oxygen carrier must satisfy a number of requirements21:
• A high oxygen exchange capacity
• Fast oxygen exchange kinetics at the reaction temperature
• Should withstand the harsh environment of the partial oxidation reaction
• Catalytically active, or possible to combine with an active catalyst, for methane
decomposition
• Relatively easy to synthesize and cost eﬀective
Based on the listed requirements, ceramic non stoichiometric oxides represent a
suitable class of materials for this purpose. Indeed, most of the published works,
dealing with methane conversion to syngas with lattice oxygen (as describe in more
detail in the following sections), involve the use of non stoichiometric oxides.
Mainly two classes of non stoichiometric oxides have been attracting attention as
active materials for cyclic conversion of methane to syngas, perovskites with the general
4
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formula A1−xA′xBO3 where A is a rare earth ion, A′ is usually Sr and M is Co, Mn,
Cr, Fe or mixtures of these; and CeO2 based ceramic materials eventually mixed with
ZrO2, Sm2O3 or similar rare earth metal oxides. A brief overview of the literature
results obtained with these two classes of materials is given in sections 1.1.2 and 1.1.3.
The aim of this PhD work has been to study the reaction of methane with two
diﬀerent classes of reducible oxides (ceria based, and perovskite based) at temperatures
around 873 K. Focus has been given to the factors governing reaction selectivity and
the relationship between oxides structure and reaction products.
1.1.2 Ceria based oxygen carriers
Cerium dioxide (CeO2) crystallizes in the ﬂuorite structure, a face-centered cubic unit
cell where each cerium cation is coordinated to 8 oxygen atoms at the corners of a cube
as illustrated in Figure 1.2.
Figure 1.2: Ceria Structure - The crystal structure of CeO2, oxygen atoms in black
and cerium atoms in dark grey
Depending on temperature and partial pressure of oxygen, cerium oxides in the
composition range Ce2O3-CeO2 can be formed
22.
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The consequences of doping CeO2 with zirconium has been extensively studied since
the 1950s23 due to the importance of these materials in the ﬁelds of solid oxide fuel cells
and ceramics. CeO2 and ZrO2 form solid solutions for a wide range of compositions and
the phase diagram has been extensively studied24–28. A monoclinic (P21/c), a cubic
(Fm3m) and three tetragonal phases termed t, t‘ and t“ (all space group P42/nmc) are
reported for temperatures below 1273 K29–31. Their existence regions are indicated in
the upper abscissa in Figure 1.3. The three tetragonal phases are characterized by the
degree of tetragonal distortion (c/a) and by their nature (t is stable, while t‘ and t“
are metastable). The distinction between these phases, especially between the t and t‘,
and between t“ and cubic is quite subtle and can hardly be settled by laboratory scale
powder X-ray diﬀraction. The ionic radius of Zr is smaller than the one of Ce , as a
consequence, the unit cell size of the solid solutions decreases proportionally to the Zr
content as reported in Figure 1.332.
Figure 1.3: Ceria Zirconia solid solution unit cell size - The pseudocubic unit cell
size in ceria-zirconia solid solutions as a function of Ceria content, the solid data points
are values obtained in this work (paper 2) while the empty data points are reported from
literature33.
The behavior and the activity of ceria based oxides in catalysis is typically related
6
1.1 Background and Motivation
with the redox couple Ce4+/Ce3+ and the consequent reversible oxygen storage capacity.
Ceria based oxides have a great potential for catalytic applications, and have during the
last years been investigated for processes like water gas shift, supports for reforming
catalysts, VOCs catalytic combustion, CO preferential oxidation and conversion of
emission gases34–43.
The introduction of Zr into the CeO2 framework has important consequences on
the redox behavior of the resulting solid solutions as illustrated in Figure 1.4.
Figure 1.4: Nonstoichiometry of ceria-zirconia solid solutions - Oxygen to metal
ratio ( O/(Zr + Ce) ) as a function of oxygen partial pressure for CexZr1−xO2−δ 44.
The correlation between the redox properties and the reaction behavior between
the various oxides and methane has been investigated in detail in this PhD study.
1.1.3 Perovskite based oxygen carriers
Perovskite type oxides are a class of oxides characterized by the general formula ABO3.
The ideal structure is cubic with the B cation in 6-fold coordination surrounded by an
octahedron of oxygen atoms and the A cation located in the large interstices, surrounded
by eight octahedra, leading to a AO12 polyhedron. In order for the oxide to crystallize
in the ideal cubic structure the size relationship between ionic radii for A and B cation
7
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must be so that (RA +RO)/
√
2(RB +RO) = t = 1
45.
In most cases however a size mismatch between A and B cations leads to t values
above or below 1, in these cases perovskite phases of non ideal symmetry (non cubic)
can be formed. The most common variants of perovskite type are represented by
orthorhombic and rhombohedral distortions of the ideal cubic unit cell. A representation
of the cubic and distorted orthorombic structures is shown in Figure 1.5.
Figure 1.5: Perovskite structure - Structure of perovskite oxide with chemical formula
ABO3. The red spheres are O atoms, the white spheres are B atoms, and the teal spheres
are the A atoms. On the left side the undistorted cubic structure is reported; on the right
side the orthorombic distorted structure is shown.
The perovskite structure is quite ﬂexible, a number of diﬀerent elements can be
accommodated into the A and B sites. Moreover, partial substitution of the A and B
cations is possible, originating compounds like A1−xA′xB1−yB′yO3.
Two of the formulations that have attracted particular attention for catalytic purposes
are those of the so called LSF (La1−xSrxFeO3−δ) and LSC (La1−xSrxCoO3−δ) family46.
The partial substitution of La3+ with Sr2+ decreases the global charge present on the
A site and forces the metal cation in the B site to an oxidation state higher than 3+ and
may at the same time create oxygen vacancies in the structure47,48. The total oxygen
content will in this case deviate from the fully stoichiometric value of 3, and assume
a variable value of 3 − δ, where δ indicates the nonstoichiometry value. The oxygen
nonstoichiometry is speciﬁc for each oxide and depends at any time on the temperature
and on the oxygen pressure surrounding the oxide. Plots of nonstoichiometry as a
function of oxygen partial pressure, as illustrated in Figure 1.6, are therefore required
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to map the behavior of the diﬀerent oxides. It is evident from Figure 1.6 that the redox
properties of the various perovskites tend to reﬂect the stability of the oxidation states
of the B cations involved in the redox process49. However, enormous diﬀerence between
the redox properties of the binary and ternary oxides have been reported. This is due to
the fact that two factors must be taken into consideration, the crystal structure of the
oxide must allow changes in composition and the transition metal must have accessible
oxidation states49. A good example on how the crystal structure alone can inﬂuence
the redox properties of a perovskite is the reduction of the cubic and the hexagonal
modiﬁcation of SrMnO3. The initial reduction of the hexagonal modiﬁcation in air
occurs 600 K above the temperature for the initial reduction of the cubic SrMnO3 due
to a large Gibbs energy of formation of the reduced hexagonal SrMnO2.5 compare to
the cubic one50–52.
Figure 1.6: Nonstoichiometry comparison - Comparison of nonstoichiometry data of
La1−xSrxMO3−δ 53
The reversible oxygen uptake and release associated with the speciﬁc nonstoichiometry
range, δ, that the perovskite experiences has inspired several practical applications. One
of these, and the most relevant for this PhD work, has been the reaction of this available
oxygen with methane to form mixtures of CO2, H2O, CO and H2
21,54–63. Most of these
works report the presence of two ”types of oxygen” that respectively give rise to total
9
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oxidation products (CO2 and H2O) and to selective oxidation products (CO and H2).
Several authors identiﬁed the ﬁrst oxygen species as weakly bound surface oxygen and
the second type as more strongly bound framework oxygen.
Maximizing the selectivity of products is a key issue in this cyclic process since total
oxidation products are undesired by-products. This requires a deep understanding of
the process. The focus in this PhD study has therefore been on understanding if and
how the redox properties of the studied oxides inﬂuence the reaction selectivity, in order
to gain guidelines for the design of new and improved oxides, for this and other related
partial oxidation reactions.
10
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The experimental work in this PhD study is based on the use of several characterization
techniques. These techniques are brieﬂy described in the following chapter.
Focus is set on the reasons for selecting the various techniques for this study,
accompanied by a general description of each technique.
A detailed description of the diﬀerent measurement parameters and equipments can
be found in the experimental section of the articles that compose this PhD work.
2.1 Structural characterization
As mentioned in the introduction, one of the main requirements of the redox active
materials for cyclic oxidation processes is phase stability. Therefore, particular attention
has been given in this PhD study to structural characterization, both in situ and ex
situ.
Several diﬀraction techniques were used, in all of them an X-ray or neutron beam is
focused on the sample and being scattered by the atoms of the solid. From the intensity
and the position of the diﬀracted lines (diﬀractograms), information about the three
dimensional arrangement of the atoms in the sample is obtained.
A common data analysis tool was employed for all sets of diﬀraction data, the
so called Rietveld method64,65. An approximate structure model is reﬁned against
the measured powder diﬀraction proﬁle through a least-squares procedure where the
residual is minimized. Unit cell dimension, atomic coordinates, site occupancies, temperature
(displacement) factors and several instrument related parameters can be optimized with
11
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the Rietveld method. The software used in this work was the GSAS/EXPGUI66 suite
of programs.
2.1.1 X-ray powder diﬀraction
Powder X-ray diﬀraction patterns were recorded with a position sensitive detector using
a Siemens Bruker D5000 diﬀractometer and Cu Kα 1 radiation.
By comparing the measured patterns with those reported in the Powder Diﬀraction
File (PDF) database of the International Centre for Diﬀraction Data it is possible
to identify which crystalline phase/phases are present in the sample. Particularly
important for this type of analysis is the position of the peaks, each peak being
correlated to a speciﬁc lattice plane (identiﬁed by the Miller index) and carries information
about the size and shape of the unit cell. This ﬁngerprint approach to analyses of the
powder diﬀraction patterns helps identifying impurity phases eventually present in the
samples.
In the present work, the peak position analysis was widely used to conﬁrm the
presence of the perovskite phase in the synthesized samples, and to check for presence
of possible crystalline impurities at an early sample synthesis stage.
The Rietveld method was applied to the reﬁnement of several Al doped perovskites
structures studied in this PhD work.
In the case of Ceria-Zirconia based samples X-ray diﬀraction was also used for
investigation of the average crystallite sizes of the oxidized samples (see Table 2 in
Paper 2). This was performed by using the so called Scherrer equation67 and the width
of the (101) diﬀraction peak. Instrumental resolution was determined on the basis of a
Si standard.
The Scherrer equation correlates the broadness of the diﬀraction peaks to the size
of the measured crystals. The fact that the crystals in the sample have a ﬁnite size
represents a deviation from the ”perfect crystallinity”, however for samples bigger than
1000 A˚ this eﬀect is negligible. When the crystallites are smaller than 1000 A˚ this
deviation becomes relevant and measurable by the broadening of the diﬀraction peaks.
By using the Sherrer equation (2.1), where K is the sherrer constant, α is the
wavelength of the radiation, β (βsample-βstandard) is the integral width of a reﬂection
(in radians 2Θ) located at 2θ, the volume weighted crystallite size (Dv) can be obtained.
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Dv = Kα/βcosΘ (2.1)
2.1.2 Synchrotron X-ray powder diﬀraction
The main disadvantage related to the use of common laboratory scale X-ray diﬀractometers
(as described above) is that the intensity of the X-ray beam from a conventional
generator is relatively low and therefore long exposure times are required, up to several
hours, in order to obtain good intensities in the recorded diﬀractogram.
The long exposure time does not allow rapid in situ measurements, e.g. studies
where the fast evolution of the crystalline structure as a function of environment changes
(like temperature or atmosphere) is to be studied.
The heart of a synchrotron facility is the storage ring where charged particles travel
being bent by means of magnetic ﬁelds, thereby X-rays are emitted. The energy
(wavelength) of syncrotrone radiation may be tuned in a quite wide keV window, so
that ﬂuorescence issues may be avoided. The intensity of this radiation is many orders
of magnitude higher than the one of conventional X-ray tubes and the data collection
is therefore accomplished within a short time interval.
One of the aims of this PhD study was to evaluate the bulk stucture evolution of the
oxygen carrier materials under working conditions (exposure to CH4 and O2 at various
temperatures), synchrotron X-ray powder diﬀraction was, for the reasons listed above,
chosen as a suitable technique for this type of studies.
In order to enable studies of the samples under working conditions a special cell
(developed by Poul Norby, UiO) was used. A picture of the cell is reported in Figure
2.1.
A typical two dimensional diﬀractogram, as recorded with this setup, is reported
in Figure 2.2, here, each line represents a reﬂection. The evolution of the various
reﬂections, as gas atmosphere and temperature were varied, can be followed in this
type of plots.
The powder sample was mounted inside the capillary, where a quartz pad was ﬁrst
inserted in order to avoid sample loss during gas ﬂow. The inlet of the capillary was
connected to the gas line through a Swage Lock R© ﬁtting, in a similar way the outlet of
the capillary was connected to a teﬂon line bringing the outlet gases to the ventilation.
13
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Figure 2.1: Sampe cell - Sampe cell used for in situ SXRD studies
Figure 2.2: Two dimensional SXRD plot - Typical two dimensional diﬀractogram as
recorded with the in situ cell shown in Figure 2.1
14
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The gas ﬂowing to the capillary was controlled and monitored through several mass
ﬂow controllers, the gas ﬂow could be varied from the control room without stopping
the experiment.
The results of this study are described in detail in paper 1 section 3.2.
2.1.3 Neutron powder diﬀraction
One of the limitations of X-ray diﬀraction techniques when studying metal oxides
regards the much lower scattering of oxygen atoms compared to the metal atoms,
since the photon scattering is proportional to the amount of electrons.
In neutron diﬀraction the scattering is due to the nuclei rather than electrons. The
neutron scattering length of most atoms is similar in magnitude, however it varies
quite unsistematically between the elements of the periodic table. Neutron diﬀraction
techniques may therefore be used to detect light elements such as oxygen or hydrogen
in combination with heavy atoms.
In this study neutron powder diﬀraction has been an essential tool in determining
the oxygen content (oxygen stoichiometry) as well as the oxygen coordinates in the
crystal structure, of various Al substituted perovskite oxides (at Standard temperature
and pressure).
Room temperature Neutron Powder Diﬀraction (NPD) data were collected with
PUS (Powder Universal Spectrometer) two-axis diﬀractometer at the JEEP-II reactor
at Kjeller, Norway. Data were collected over a 2 θ range of 10◦ to 130◦ using neutrons
of wavelength 1.5561 A˚and rebinned into steps of 0.05 degrees.
Rietveld reﬁnements of the NPD data were performed using the GSAS/EXPGUI66
suite of programs.
2.2 Activity characterization
2.2.1 Catalytic tests
Amain focus of this PhD work has been to reveal the mechanism of the reaction between
methane and the various reducible metal oxides. In order to study the reaction a
SSITKA setup (Steady state isotopic transient kinetic analysis setup) has been adapted
to the target reaction. A schematic representation of this setup is shown in Figure 2.3.
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Figure 2.3: - Experimental setup used during pulse experiments
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The reaction between methane and the reducible oxides occurs in a short time
window. Since the framework oxygen of the oxides is consumed during the reaction,
this makes an accurate quantiﬁcation of the reaction products, over the entire reaction
time, quite challenging in a continuous feed setup. For this reason, in accordance with
previous reports on similar studies68,69, a pulse setup system was chosen.
As can be seen in Figure 2.3 a four way valve was used to switch between the
premixed 10% CH4 in Helium and 10% O2 in Helium. The selected gas from the
four way valve was sent (in loading position) through the 0.25 ml loop in the six way
valve. At the same time, an independent line was used to continously send the carrier
gas (Helium) to the reactor through the six way valve. When the six way valve was
switched from loading to injection the carrier gas was forced to ﬂow through the loop
and take the discrete amount of gas (1.04 μmol, either 10% CH4 or 10% O2) contained
in the loop to the reactor. The reactor, a classical plug ﬂow reactor, is illustrated in
Figure 2.4
Figure 2.4: - Schematic reactor illustration
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The four and the six way valve, as well as the oven and all mass ﬂow controllers
were controlled by using a LabVIEW software interface.
The mass spectrometer (Pfeiﬀer Omnistar, MS) was connected directly below the
catalyst bed (Figure 2.4) to avoid loss in deﬁnition of the signal shape due to back
mixing of gases. A typical illustration of raw data output registered from the MS is
reported in Figure 2.5.
The carrier gas signal is not reported in Figure 2.5 for graphical reasons. As can
be noticed each gas pulse appears as a line in the overall data ﬁgure, and as a well
deﬁned peak in the zoomed inlet. A calibration of the setup was performed routinely,
this was done by sending, 10-20 pulses of the relevant gases (CH4, O2, CO2, CO,H2)
one by one to the reactor loaded with quartz and heated to the test temperature. The
area under each peak was integrated and used as calibration for quantiﬁcation of these
gas species during the following tests. All responses were normalized with the signal
from the carrier gas. Since no H2O calibration was performed, the quantiﬁcation of
this specie was derived from the H2 balance.
The data treatment during catalytic tests was performed by integrating each single
peak from each single m/z recorded by the MS. The integrated areas were then divided
by the calibration values and a μmol value was obtained for each gas species in each
gas pulse. These values were then used to calculate CH4 conversion:
CH4 conversion% = 100× p(CH4)in − p(CH4)out
p(CH4)in
and CO and H2 selectivity:
CO selectivity% = 100× p(CO)out
p(CO)out + p(CO2)out
H2 selectivity% = 100× p(H2)out
2 ∗ p(CH4)in − p(CH4)out
For each pulse, carbon balance was calculated as the sum of unconverted CH4, CO2
and CO.
18
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Figure 2.5: - Typical MS raw data output from a pulse test
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2.2.1.1 Isotopic labeling catalytic tests
Isotopic labeling catalytic experiments are a powerful tool that may give an unambiguous
answer to crucial catalytic issues. Isotopically labeled molecules behave chemically
exactly like unlabeled molecules (except for H/D exchange), therefore, by analyzing
the distribution of the labeled atoms at the exit of the reactor, precious insight into
relative reaction rates involving molecules in the reactor can be gained.
In the present work discrete pulses of a mixture of 13C labeled CH4 and
12CO were
reacted with the materials of interest. A setup very similar to the one described in
Figure 2.3 was used, in this case an additional MFC (Mass ﬂow controller) was used
beside the one dedicated to CH4 (where
13C labeled CH4 was now ﬂowing) in order to
feed CO.
The calibration, the test setup and the data treatment were carried out in a similar
way as described in section 2.2.1. 13C labeled CH4, was included in the calibration.
Several m/z values were recorded with the Mass Spectrometer (2, 4, 12, 13, 14, 15,
16, 17, 18, 28, 29, 44, 45) in order to monitor all possible 13C labeled reactants and
products. CO selectivity and CH4 conversion were calculated as described above.
In addition to the standard data treatment, special attention was given in these
type of tests to the 13C distribution in the unreacted CH4 and in CO and CO2. The
statistical 13C/12C distribution in the products was calculated as
p(13CH4)in ∗ CH4conversion ∗ 0, 01
p(12CO)in − p(13CH4)out/p(12CO)in
and compared to the 13C/12C distribution in CO and CO2.
Back formation of CH4 was assessed from the
13C/12C ratio in eﬄuent CH4.
2.3 Oxygen nonstoichiometry
Particular focus has been given in this PhD work to the assessment of the oxygen
nonstoichiometry of the various oxides under the various studied conditions.
Diﬀerent analytic techniques have been employed depending on the target conditions,
below follows brief descriptions.
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2.3.1 Cerimetric titration
Cerimetric titration70 was used to derive the oxygen content of the Al substituted
perovskite oxides at room temperature and ambient pressure.
This titration is based on the dissolution of the sample in acidic solution and
subsequent reduction of the high valent species (Fe4+ and Co3+) by a reductant. In
order to avoid oxidation of the reductant by the oxygen dissolved in the acidic solution,
this was removed by Ar bubbling prior to reductant dissolution. For the same reason,
the titration was performed in a air tight vessel under Ar bubbling.
A precise excess amount of high purity ammonium iron (II) sulfate salt (Mohr’s salt,
reductant) was dissolved in aqueous 1M HCl solution. The sample was then digested
in this solution (up to 48 hours). During this step iron (II) from the Mohr’s salt was
oxidized from Co3+ and Fe4+ (if present), as indicated in the reactions below. Fe3+
and Al3+ do not take part in the redox reaction.
Co3+ + Fe2+ → Co2+ + Fe3+
Fe4+ + Fe2+ → 2Fe3+
The remaining Fe2+ was then titrated with a solution of Ce4+ in the presence of a
Fe(II) 1,10-phenanthroline complex (Ferroin) as indicator. The amount of Fe4+, and
therefore the oxygen stoichiometry, could be extrapolated.
2.3.2 Thermogravimetric analysis
Thermogravimetric analysis was used in 2 types of experiments.
In the ﬁrst case, the oxygen content of the various Al substituted perovskite oxides
at 873 K was measured. The results of these experiment are reported in paper 3. The
sample, about 50 mg, was loaded in the Thermogravimetric balance (PerkinElmer,
Pyris 1 TGA) where synthetic air was ﬂowing (20 Sml/min), heated slowly (1 K/min)
to 1073 K and cooled down to room temperature. During this procedure possible
surface contaminations were removed. This step was repeated until a stable weight
value was reached at RT before and after the thermal treatment. The sample was
then directly heated to 873 K at 5 K/min. The weight change was then converted into
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oxygen loss and thereafter oxygen nonstoichiometry, the data in this form are reported
in the article.
The second sets of experiment based on thermogravimetric analysis was performed
at SINTEF Materials and Chemistry (Oslo, Norway).The TG equipment used in this
case (SETARAM Setys Evolution TGA) was equipped with an in-house gas mixing
system and oxygen sensor. In this experiments the weight variation was measured as a
function of pO2. The weight variation was then related to the oxygen nonstoichiometry
variation and the data in this form are reported in paper 1.
2.3.3 Flowing titration
The relationship between the oxygen nonstoichiometry and the partial pressure of
oxygen was further measured by a method similar to that reported by Kim and coworkers44.
The principle is that a deﬁned amount of sample is exposed to a premixed gas mixture
characterized by a speciﬁc pO2 for several hours, so that equilibrium between the sample
and the gas mixture is obtained. The sample is then exposed to air ﬂow, the amount
of oxygen adsorbed from the sample during exposure to air is measured and from this
number the oxygen nonstoichiometry in equilibrium with the previous pO2 is found.
The setup used in the pulse tests and described in Figure 2.3 was modiﬁed and
adapted to the ﬂowing titration experiment. A schematic description of the setup is
reported in Figure 2.6.
As can be seen, He, CO2 and H2 were mixed to establish the various pO2. This
was realized through the following equilibria:
CO2 ↔ CO + 1
2
O2
pO2 =
(
Keq1
pCO2
pCO
)2
H2O ↔ H2 + 1
2
O2
pO2 =
(
Keq2
pH2O
pH2
)2
The software ”HSC chemistry” was used as a tool to calculate the pO2 of the
diﬀerent gas mixtures.
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Figure 2.6: - Experimental setup used during pulse ﬂowing titration
The mass ﬂow controllers were remotely programmed so that the various gas mixtures
could be run automatically, following a programmed schedule for the whole experiment.
The sample (0.3-1 g) was loaded in the reactor illustrated in Figure 2.4 and heated
to 873 K in air. Thereafter the ﬁrst gas mixture (total gas ﬂow 30 ml/min) was sent
through the sample, for 3 hours. After these 3 hours the reactor was ﬂushed with He
(AGA 99.9995 %, 90 ml/min) for 30 min, and ﬁnally dry air was fed to the reactor (5
ml/min).
The eﬄuent gases were monitored by an on line mass spectrometer (as previously
described), recording the mass numbers (m/z) 4, 14, 18, 28, 32 and 44.
A typical example of MS raw data output at the end of an experiment can be seen
in Figure 2.7.
In some of the tests carbon deposition during the exposure to the CO2/H2/He
mixtures took place. This was observed as small amounts of CO2 released immediately
after exposure to air. In these cases, quantiﬁcation of the amount of oxygen consumed
during the CO2 formation was performed, and this value was subtracted from the total
oxygen absorbed.
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Figure 2.7: - Typical ﬂowing titration Mass spectrometry raw data output
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2.4 Additional characterization
Some of the data collected in this PhD work are the results of collaborations with other
research groups. In this case the data collection work was not entirely performed by
the author.
The neutron powder diﬀraction data were collected at IFE (Institute for Energy
Technology, Kjeller, Norway), the data treatment was performed by the author.
The thermogravimetric measurements, and the respective data analysis, at variable
pO2 described in section 2.3.2 was performed by Dr Egil Bakken at Sintef Materials
and Chemistry (Oslo, Norway).
The TEM measurements described in the third paper have been entirely performed
by Dr Yanjun Li at Sintef Materials and Chemistry (Trondheim, Norway).
The XPS data included in the third paper have been collected by Dr Spyridon Diplas
and Martin Sunding Fleissner, the data analysis has been performed by the author in
collaboration with Dr Spyridon Diplas. The detailed experimental description for this
last two techniques can be found in the third paper.
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3Synopsis of Results
This chapter contains a brief overview of the main ﬁndings of this study.
The detailed results obtained during this PhD, together with their discussion, are
summarized in the three articles included at the end of the thesis.
The starting point of this study was the need for a non conventional, alternative,
process to produce syngas from natural gas in oﬀshore installations. Several literature
reports had been published, where the use of framework oxygen of reducible oxides in
direct contact with methane was presented as an option.21,54–59,61,62,68,69,71–74.
However none of these reports were able to answer the question on how selectivity
towards syngas could be optimized, and most of all, how and why the structure and
the composition of the reducible oxides inﬂuenced the reaction.
In order to provide the answers to these challenging questions a multidisciplinary
approach was chosen, where, classical catalytic methods were combined with typical
structural inorganic chemistry techniques.
This double approach led to the discovery of the strong inﬂuence of the thermodynamics
of the oxides on the surface reaction and this connection forms the basis for a main
achievement of this PhD work.
3.1 Structural studies
Two main families of reducible oxides were studied in this PhD work, cerium oxide
based oxides and lanthanum ferrite based oxides.
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3.1.1 Ceria based oxides
In the ﬁrst case, materials well known from literature were used, pure CeO2 and
CexZr1−xO2−δ (x=0.25, 0.5 and 0.75). The oxides were impregnated with Pt in order
to increase the reactivity towards methane.
These materials are widely studied in literature. Therefore the structural studies,
in this case, were limited to powder XRD analysis and more thorough investigations
were found to be beyond the scope of this work.
The results obtained from the XRD analysis are reported in paper 2 and in Figure
1.3, as can be seen the materials synthesized in this work obey the Vegard’s law, in
agreement with similar materials previously reported in literature.
3.1.2 Perovskite based oxides
Several of the perovskite based samples synthesized in this PhD study had not been
reported in the literature. For this reason a deeper structural characterization work
was performed on this second class of studied materials.
The starting oxide La0.8Sr0.2Fe0.8Co0.2O3−δ, and the ones that were developed
following this starting stoichiometry, were analyzed with powder XRD, syncrotron
powder XRD and neutron diﬀraction. The advantages of the diﬀerent techniques were
discussed in section 2.1.
The starting perovskite material that was tested in this PhD work, La0.8Sr0.2Fe0.8Co0.2O3−δ
had been previously reported in literature75. The addition of small amount of Rh in a
post synthesis step, as expected, did not inﬂuence the bulk structure of the oxide.
Metal oxides supported on inert high surface area materials (as for example γ-
alumina or silica) are very common catalysts. This methodology was applied to the
perovskite based materials and the sample reported in paper 1, named LSFCB is
the results of a ”supported oxide” inspired synthesis. Boehmite, an aluminium oxide
hydroxide mineral (γ−AlO(OH)) was introduced in the synthesis of La0.8Sr0.2Fe0.8Co0.2O3−δ
and the sample that resulted is presented in paper 1.
The XRD analysis revealed the presence of multiple phases in the sample (as
expected upon addition of boehmite) but they could not be simply assigned to the
original La0.8Sr0.2Fe0.8Co0.2O3−δ and the aluminium oxide hydroxide, a reaction between
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the two materials had occurred and in order to determine the products of this reaction
synchrotrone X-ray powder diﬀraction was used.
The structural analysis of this sample is reported in paper 1, brieﬂy, analysis of
the diﬀractograms revealed the formation of a solid solution perovskite phase with Al
partially present together with Fe and Co in the B site. In addition two more crystalline
phases were identiﬁed in the sample, a hexaaluminate type oxide (LaFeAl11O19) and
a spinel Fe/Al mixed oxide.
The exact stoichiometry of the new perovskite was found with Rietveld analysis, and
this inspired the synthesis of this oxide in a phase pure form. This oxide is presented
in paper 1 under the name of LSFCA.
The catalytic results obtained from these three oxides inspired the synthesis of a
series of Al substituted perovskites as the one reported in paper 1, with variable Al
amounts in the B site of the oxide (10%, 25%, 40% and 60%). Several stoichiometries
were synthesized and those samples form the basis of results presented in paper 3.
The incorporation of Al in the B site of La0.8Sr0.2Fe0.8Co0.2O3−δ had several
consequence on the structure of the oxide itself.
Laboratory scale XRD gave indications that all Al substituted samples were synthesized
as phase pure materials, and that the unit cell was changing continuously as a function
of Al substitution level. However, space group identiﬁcation and oxygen stoichiometry
could not be assessed by lab scale powder XRD, all these samples were therefore
measured with neutron powder diﬀraction.
The structure analysis of the neutron powder diﬀractograms revealed that all the
samples took rhombohedral symmetry (space group R3¯c, all reﬁned unit cell values are
given in table 1, paper 3) and that the oxygen content was very close to 3. NPD also
conﬁrmed that no additional phases were present in any of the samples.
The diﬀerence in ionic radius between Al3+ and Fe3+ and Co3+ give rise to a
decrease in unit cell dimension upon Al substitution. At the same time a better
”match” between the size of the A site and B site was achieved upon increasing Al
content, therefore the perovskite tolerance factor approached 1, the tilt angle between
the octahedras forming the perovskite structure decreased and the unit cell approached
the ideal perovskite cubic symmetry as can be seen in ﬁgure 3.3.
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Figure 3.1: X-Ray diﬀraction patterns Paper 1 - (a) Powder X-Ray diﬀraction
patterns for the samples studied in Paper 1.
Figure 3.2: X-Ray diﬀraction patterns Paper 3 - Powder X-Ray diﬀraction patterns
for the samples studied in paper 3.
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Figure 3.3: Al inﬂuence on unit cell - Inﬂuence of Al content on the unit cell size and
tilt angle
3.2 Oxygen nonstoichiometry studies
A central point of this PhD work is the framework oxygen of the various oxides as a key
reactant. The oxygen content of reducible metal oxides depends on the temperature
and oxygen partial pressure. It was therefore crucial to map the oxygen content of
the oxides as a function of the oxygen partial pressure at the reaction temperature, as
indicated by the following equation.
MOy ⇔ 1
2
xO2 +MOy−x (3.1)
Diﬀerent methods were employed, as described in section 2.3.
These type of measurements deﬁne the equilibrium oxygen content, and are widely
used in thermodynamics studies, however very few catalytic studies investigate this
properties, probably because ”equilibrium” is often far from what catalysis investigates.
3.2.1 Ceria based oxides
The data collected for the ceria based oxides were inspired by similar studies reported in
literature44,76,77, and the results obtained were in agreement with these works. As can
be seen in Figure 3.4 the ratio between oxygen and cerium (which indicates the degree
of reduction, Ce4+ + e− ⇔ Ce3+) decreases with decreasing pO2 for each sample. The
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observed trend is expected from thermodynamic principles. Importantly, the presence
of Zr in the solid solutions increases the amount of reduced Ce atoms at a given pO2.
The equilibrium constant for oxidation of a metal oxide, such as CeO2−x, is directly
related to pO2 given that the activities of solid phases are one. From these measurements,
therefore, the equilibrium constant and the Gibbs Free Energy, ΔG, for the reduction
reaction could be derived. ΔG for the reduction reaction is reported in ﬁgure 3.4, upper
abscissa.
Figure 3.4: Nonstoichiometry in Ceria based oxides - O/Ce ratio and ΔG oxidation
as a function of pO2 in ceria-zirconia solid solutions at 873 K
The enhanced reducibility of Ce4+ atoms in solid solutions with Zr have been related
in the literature to the number of ways oxygen can be removed from localized clusters
(localized entropy eﬀects). Studies of enthalpy and entropy of reduction showed that
enthalpy of reduction of solid solutions was signiﬁcantly lower than in pure CeO2 but
independent on the Zr substitution level (for Zr subsitution level higher than 10%). At
the same time the entropy of reduction changed with composition and Zr amount.
3.2.2 Perovskite based oxides
The relationship between oxygen stoichiometry and oxygen partial pressure for most
of the perovskite oxides studied in this PhD work was investigated (the perovskite
synthesized with boehmite was not included in this type of investigation due to its
multiphase nature). The chemical reaction in this case can be generally written as:
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ABO3 ⇔ 1
2
xO2 +ABO3−x (3.2)
Some perovskite based oxides are easily reduced even at low temperatures78. For
this reason full stoichiometry in air atmosphere at 873 K could not be assumed. The
oxygen stoichiometry in air atmosphere at 873 K was therefore measured.
Oxygen nonstoichiometry at room temperature (air atmosphere) was measured by
neutron powder diﬀraction and cerimetric titration and both techniques returned values
very close to zero.
Figure 3.5: Oxygen nonstoichiometry, TG measurements - Oxygen
nonstoichiometry as a function of temperature as reported in paper 3.
The thermogravimetric measurements of the samples in air atmosphere, Figure 3.5,
revealed that the oxygen nonstoichiometry increases with the Al content at a given
temperature. The oxygen nonstoichiometry value at 873 K in air atmosphere was
extrapolated from these measurments.
The results of the ﬂowing titration performed at 873 K are reported in paper 3 and
in Figures 3.6 and 3.7. The oxygen nonstoichiometry is aﬀected by the introduction of
Al, but no systematic correlation with the amount of Al substitution could be found.
Oxygen content variations as a function of pO2 are less marked in the samples with the
highest Al content. It is important to remember that Al, just like Zr, is not reducible
upon pO2 variations, the variation in oxygen content in the oxides is therefore linked
to the decrease in oxidation state of Fe and Co. The relative amount of Fe and Co will
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Figure 3.6: Flowing titration perovskites - Oxygen nonstoichiometry as a function
of pO2 for the Al substituted perovskite oxides, from paper 3
Figure 3.7: ΔG oxidation perovskites - ΔG of oxidation for the various perovskite
oxides studied in paper 3 at the diﬀerent pO2
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decrease upon increase in Al content, therefore an alternative picture of the state of
the oxides is given by the Fe and Co average oxidation state as a function of pO2 as
reported in paper 3, table 2.
Up to moderate Al substitution levels (40 %) the oxidation state of Fe and Co tends
to be higher for higher Al contents, the situation is reversed at even higher Al amounts
(60 %), where lower oxidation states are obtained for Fe and Co.
3.3 Catalytic studies
Catalytic studies, performed by the techniques described in section 2.2, have been the
core of this PhD work.
Results from the CH4 transient experiments are reported in the three articles that
form this thesis, while isotopic labeling studies are reported in the last two articles. In
this section only a brief overview of these ﬁndings is presented.
Figure 3.8: Pulse test Ceria based materials - CH4 conversion (empty markers) and
CO selectivity (full markers) as a function of CH4 pulse number.
Methane conversion showed two diﬀerent patterns for the Pt/ceria based and the
Rh/perovskite based samples. In the ceria case the conversion started for all the solid
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Figure 3.9: Pulse test Perovskite based materials from Paper 1 - CH4 conversion
and CO selectivity as a function of CH4 pulse number.
Figure 3.10: Pulse test Perovskite based materials from Paper 3 - CH4 conversion
and CO selectivity as a function of CH4 pulse number.
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solutions at values close to 100 % and decreased with the pulse number, whereas in the
perovskite based samples the conversion increased with pulse number and went through
a maximum before it dropped.
A common trend observed in all perovksite based oxides impregnated with Rh is
that the selectivity always increased with the pulse number. It usually started from
values close to zero (bulk ceria is an exception) and rapidly increased to values close to
100 % once it passed a ”critical pulse number”.
This selectivity pattern has also been observed in most of the literature reports
regarding direct methane conversion with framework oxygen. The various literature
hypothesis are extensively discussed in the three articles that form this thesis.
A similar trend between catalytic and equilibrium nonstoichiometry results, reported
in the previous section, was noticed for both ceria and perovskite based materials.
Indeed the reaction between methane and the metal oxides, once hydrogen is released
(either as molecular hydrogen or as water), leaves a surface carbon atom that faces
three possibilities:
• Deposition on the surface of the oxide as carbonaceous deposit (coke) until oxygen
is introduced in the system
• Combination with one oxygen atom from the framework of the oxide and release
as CO
• Combination with one oxygen atom from the framework of the oxide and further
reaction with another oxygen atom from the framework of the oxide before release
as CO2
In our data we do observe that all these three options took place; at the beginning
of the test (high oxygen content) CO2 was released, when a critical nonstoichiometry
value was reached, CO was the main product and as most oxygen was released from the
oxide, coke deposition started to build up (as evident from C balance measurements).
Combination of the carbon atom with one oxygen atom from the framework of the
oxide and further reaction with another oxygen atom from the framework of the oxide
before being released as CO2 can be described as:
xCO +MOy ⇔ xCO2 +MOy−x (3.3)
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This reaction can further be divided in:
MOy ⇔ x
2
O2 +MOy−x (3.4)
and
xCO +
x
2
O2 ⇔ xCO2 (3.5)
Equation 3.4 is the reaction that has been studied in the previous section, and the
ΔG of reaction have been measured for several x values. As can be noticed in Figure 3.4
and 3.7 the ΔG of oxidation becomes more and more negative as the nonstoichiometry
increases. Equation 3.5 is simply the oxidation of carbon monoxide, and the ΔG for
this reaction is found in the NIST database79.
By summing the ΔG for these two reactions, for the diﬀerent oxides and the
various nonstoichiometry values, the global ΔG (equation 3.3) can be found for each
nonstoichiometry measured in the ﬂowing titration. From these ΔG values, the Keq
for the reaction 3.3 as a function of nonstoichiometry can be found. Thereafter, the
CO/CO2 ratio as a function of nonstoichiometry can be calculated.
Finally it was accomplished to estimate the CO/CO2 ratio, at equilibrium, over the
various oxides, at the various nonstoichiometry values.
When the CO/CO2 couple was at equilibrium with the oxides during the methane
pulses, the measured CO selectivities were in agreement with the equilibrium values
predicted as described above.
This was indeed the case for all the studied samples, both ceria based and perovskite
based, as described in the respective articles.
3.3.1 Isotopic labeling studies
The data described in the previous section suggested equilibrium between CO and CO2
during the reaction between methane and the studied oxides. As will be shown below,
isotopic labeling studies conﬁrmed this conclusion.
If thermodynamic equilibrium is achieved in the system, when sending discrete
pulses of a mixture of 13C labeled CH4 and
12C CO then the ratio between 13CO/12CO
and 13CO2/
12CO2 should correspond to the statistical
13C/12C.
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This was indeed the result obtained from the catalytic test of the selected samples,
as reported in Figure 3.11 (in the case of ceria based oxides) and Figure 3.12 (in the
case of perovskite based oxides).
Figure 3.11: Isotopic labeling studies ceria - CH4 conversion (circle), CO selectivity
(square) and statistical 13C/12C ratio(solid line), together with 13CH4/
12CH4 (square),
13CO/12CO (circle) and 13CO2/
12CO2 (star)as a function of O/Ce over Pt/25CeZrO2.
3.4 Surface analysis
The results that were obtained during the years of work on this PhD project, pointed
progressively towards an important inﬂuence of the bulk phase, over possible surface
implications. Bulk characterization techniques, such as for example XRD, thermogravimetric
analysis and nonstoichiometry measurements were given more focus than surface characterization
such as XPS and TEM/SEM.
Nevertheless, many questions about the inﬂuence of surface on the observed phenomena
arose during this work, and an extensive surface characterization work, especially on
the perovskite based samples was performed. The relevant results related to these
studies are included in paper 3.
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Figure 3.12: Isotopic labeling studies perovskites - CO selectivity, statistical
13C/12C ratio, together with 13CO/12CO and 13CO2/
12CO2 as a function of non
stoichiometry over Rh/25Al at 873 K
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No further details about the TEM work will be included in this introduction since
the author was not involved in the data analysis process.
A few words about the XPS study need to be spent. X-Ray photoelectron spectroscopy
is a powerful technique that allows investigations of the chemical state of the surface
of a material, both quantitatively and qualitatively. In the present study the chemical
state of the reducible elements before and after reduction with methane, as well as
their relative amount, was of high interest. The perovskite characterized by 25 % Al
substitution in the B site was therefore carefully analyzed with this technique. The
most relevant results, with some comments are reported in this section. These and
more results obtained from this study as well as their discussion can be found in paper
3.
The pretreatment chamber of the XPS instrument allowed samples to be alternatively
exposed to methane and air at 773 and 973 K, and thereafter cooled down and measured
without exposure to air.
The oxidation state of Rh, in the as synthesized samples, after reduction in methane
and after reoxidation in oxygen, respectively, at 773 K was determined. The position
of the Rh 3d peak for the as prepared and the reoxidized sample was very similar, and
typical for Rh2O3 (see paper 3 for more details). The peak position for the reduced
sample was shifted towards lower binding energy, conﬁrming the formation of metallic
rhodium. The intensity of the Rh peak was much higher in the as prepared samples,
compared to the reduced and reoxidized samples, this can be due to several phenomena
as for example diﬀusion of Rh species into the bulk of the sample or coverage of the
Rh particles by carbon species. A ﬁnal answer on this point calls for the use of either
complementary techniques (as for example environmental TEM) or reference oxide
systems to be measured prior to the sample.
The oxidation state of Fe and Co under the listed experimental conditions was
of great interest. The distinction between metallic, bivalent and trivalent Fe and Co
species by XPS is a challenging task, especially when more oxidation states could be
present simultaneously. No distinct peaks for the three oxidation states were observable,
this is due to the small shift in the peak position between the three oxidation states.
Chemical analysis relies therefore often on peak broadening and shoulders eﬀects. A
detailed analysis of these spectra is reported in the paper 3.
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Is the author opinion that the use of XPS to determine oxydation state of the
various element present in such complex perovskite samples, before and after reaction
with methane, should rely on a sound characterization work on simple model samples.
The surface analysis of these model samples, under exposure to methane and oxygen,
can then be used as starting point for the data analysis of the complex oxides.
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4Conclusions
The present PhD study has provided a deeper understanding of the reaction mechanism
between methane and noble metal impregnated reducible oxides into partial (CO, H2)
and total (CO2, H2O) oxidation products.
Two selectivity behaviours, for CO and H2, during the reaction were identiﬁed:
• low selectivity zone in the ﬁrst part of the reaction
• high selectivity zone in the second part of the reaction
This selectivity pattern was found to be related to the equilibrium redox properties
of the relative oxides.
The redox properties of the studied oxides were tuned by tailoring the stoichiometry.
For this purpose Ce was substituted with Zr in Pt/CeO2 and Fe and Co were substituted
with Al in La0.8Sr0.2Fe0.8Co0.2O3−δ.
Variation in reaction selectivity was indeed shown as a consequence of stoichiometry
tailoring.
Isotopic labeling studies showed total scrambling of 13C between CO2 and CO
conﬁrming thermodynamic equilibrium between these two species.
All the presented perovskite based oxides were characterized by rhombohedral
symmetry (space group R3¯c). Substitution of Fe and Co with Al resulted in smaller
unit cell, and less octahedral tilting.
Structural stability of the Rh impregnated perovskite sample (La0.8Sr0.2Fe0.8Co0.2O3−δ),
as well as of the 25 % Al substituted perovskite sample, was demonstrated by means
of in situ synchrotron X-ray diﬀraction.
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Abstract The reaction between CH4 and framework
oxygen of Pt promoted CexZr1-xO2 (x = 0.25, 0.5, 0.75, 1)
solid solutions was studied at 873 K for syngas (CO ? H2)
production. The homogeneity and cubic/tetragonal struc-
ture of the solid solutions were conﬁrmed by powder X-ray
diffraction. The thermodynamic properties of the solid
solutions, connected with Ce4?/Ce3? redox reactions, were
measured by titrating the oxygen content of the oxides after
equilibration in ﬂowing mixtures of H2 and CO2 with
10-31\ pO2\ 10
-22 atm. The transient reactions between
the oxides and discrete pulses of CH4, as well as of iso-
topically labeled 13CH4 ?
12CO mixtures (limited to the
material with x = 0.25) were investigated and reactivity,
conversion and selectivity were measured. A strong cor-
relation between the thermodynamic properties of the
oxides and the syngas selectivity was found. The 13C
scrambling in CO and CO2 during co-feed experiments
conﬁrmed equilibration of these molecules with the oxides
surfaces.
Keywords Cerium oxide  Methane partial oxidation 
Degree of reduction
1 Introduction
Ceria based oxides have a great potential for catalytic
applications, and have during the last years been investi-
gated for processes like water gas shift, supports for
reforming catalysts, VOCs catalytic combustion, CO
preferential oxidation and conversion of emission gases
[1–10]. The behavior of ceria based oxides in catalysis is
typically connected with the redox couple Ce4?/Ce3? and
the consequent reversible oxygen storage capacity. One
reaction where the reducibility of cerium oxide plays a
central role is the conversion of CH4 to syngas (CO and H2)
by framework oxygen (Eq. 1 below), and subsequent
regeneration of the CeO2 with air (Eq. 2). This approach to
methane conversion might become particularly relevant in
gas to liquids (GTL) offshore units, where the direct high-
temperature reaction of CH4 with O2 (or air) has techno-
logical and risk challenges.
yCH4 þMOx ¼ yCOþ 2yH2 þMOxy ð1Þ
MOxy þ 1
2
yO2 ¼ MOx ð2Þ
The use of cerium oxide in this partial oxidation reaction
was ﬁrst reported by Otsuka et al. [11]. Later, the same
authors published a report where Pt/CeO2 reactivity was
investigated with the aim of obtaining insights in the
reaction mechanism [12]. The following set of reactions
were proposed:
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CH4 ! C að Þ þ 4H að Þ ð3Þ
4H að Þ ! 2H2 ð4Þ
xC að Þ þ CeO2 ! xCO þ CeO2x ð5Þ
The recombination and desorption of hydrogen atoms
was suggested as possible rate-determining steps but no
details were given on the CO2/CO selectivity.
Subsequently, the use of CeO2–ZrO2 solid solutions was
introduced for the same reaction by the same authors. In
this case, CH4 decomposition was suggested as the rate-
determining step in the early stage of the reaction, and Zr4?
was pointed out as the catalytic center for methane
activation [13]. At a later reaction stage, coke formation
was observed and this was ascribed to the decrease in
concentration or activity of the surface oxygen.
The relationship between selectivity towards syngas and
degree of oxide reduction was ﬁrst reported by Pantu et al.
for Pt/CeO2–ZrO2 as catalyst and oxygen source. The
selectivity was reported to vary with the composition of the
CeO2–ZrO2 solid solution [14]. Generally, introduction of
zirconia in the CexZr1-xO2 solid solution reduced the
selectivity toward syngas (i.e., more CO2 and H2O being
formed). No difference in activity was reported as a
function of Pt loading. In that work, methane activation and
solid state oxygen diffusion were presented as two possible
rate determining steps. However, none of these hypotheses
could ﬁt with the experimental results. Nevertheless, the
authors speculated that the CO selectivity might be con-
trolled by the relative rate of the CO oxidation and
desorption reactions, and that the rate of CO oxidation is
sensitive to the degree of oxide reduction. Fathi et al.
investigated CeO2 supported on c-Al2O3 promoted with Pt
or Rh for partial oxidation of methane [15, 16]. A rela-
tionship between selectivity to syngas and degree of
reduction of the oxide was observed.
In spite of the rich literature on ceria based materials and
their applications, the key factors governing syngas selec-
tivity, and CH4 conversion, and their relationship to the
redox properties of the reducible oxide are still not clear. It
was recently recognized that CeO2–ZrO2 solid solutions,
compared to pure CeO2, have dramatically different ther-
modynamic properties, in addition to the well known effect
on their kinetic properties [17–19]. The oxidation enthalpy
reported for CeO2–ZrO2 solid solutions was approximately
240 kJ/mol lower than for pure CeO2 [19]. However, no
difference in the enthalpy of reduction was observed upon
increasing Zr content in the solid solutions and the clear
enhancement in reducibility was in this case explained by
entropy effects [18, 19].
The aim of the present contribution is to identify and
elucidate parameters controlling CH4 conversion and CO
selectivity during cyclic catalytic partial oxidation of
methane to syngas over Pt/CexZr1-xO2 catalysts. Four
compositions of Pt/CexZr1-xO2 solid solutions were
selected and studied during transient reactions with CH4
pulses or 13CH4 ?
12CO pulses. Furthermore, the thermo-
dynamic redox properties were measured for the same
materials under ﬂowing gas mixtures. The data obtained
clearly indicate that the redox properties of the oxides are
directly controlling the syngas selectivity. Our results
provide new knowledge and highly valuable input for
future design of improved materials for the current and
similar cyclic oxidative catalytic processes.
2 Experimental
2.1 Material Synthesis
The materials were prepared by dissolving measured
amounts of Ce(NH4)2(NO3)6 (Fluka p.a., C 99%) and
ZrOCl28H2O (Merck p.a., C 99%) in water and then
mixing the solutions. Subsequently a solution of NH4OH
was added during 15–20 min to precipitate CeZrO2 while
stirring at room temperature. The yellowish powders were
washed 5–6 times until neutral solution and dried overnight
at 373 K. The temperature was then raised to 1073 K and
the samples were calcined for 10 h.
The calcined samples were impregnated with Pt by
the incipient wetness method. Measured amounts of
(NH3)Pt(NO3)2 powder (AlfaAesar) were dissolved in
water and deposited onto the CeZrO2 materials by incipient
wetness impregnation. The samples were then dried over-
night at 383 K. The temperature was then raised to 1073 K
(5 C/min) and the samples were calcined at 1073 K for
10 h.
Samples with 100, 75, 50 and 25% CeO2 impregnated
with Pt were named Pt/CeO2, Pt/75CeZrO2, Pt/50CeZrO2,
Pt/25CeZrO2 respectively.
2.2 Material Characterization
Powder X-ray diffraction patterns were recorded with a
position sensitive detector using a Siemens Bruker D5000
diffractometer and monochromatic Cu Ka1 radiation. The
average crystallite sizes of the oxidized samples were
calculated using the Scherrer equation based on the width
of the (101) diffraction peak.
2.3 Equilibrium Measurement
The oxygen non-stoichiometry was measured as a function
of pO2 at 873 K using a method similar to that reported by
Kim and coworkers [17]. Data obtained in the present study
were compared to those of Kim et al. for similar materials,
Thermodynamic Control of Product Formation 9
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conﬁrming that equilibrium was reached for the given
material/conditions pairs [17]. The sample (Pt/CeO2, Pt/
75CeZrO2, Pt/50CeZrO2 and Pt/25CeZrO2: 0.30, 0.80, 0.87
and 0.78 g, respectively) was loaded into a tubular quartz
reactor (i.d. 8 mm) and heated under air ﬂow (5 mL/min)
to 873 K. The gas feed was then switched to a mixture of
CO2 and H2 (eventually diluted in He to keep a constant
ﬂow rate) where a given pO2 was realized through the
equilibrium reactions 4 and 5.
CO2 $ COþ 1
2
O2  pO2 ¼ Keq1
pCO2
pCO
 2
ð4Þ
H2O$ H2 þ 1
2
O2  pO2 ¼ Keq2
pH2O
pH2
 2
ð5Þ
In each experiment the sample was subjected to the
speciﬁc CO2–H2–He gas mixture in a continuous ﬂow
mode (detailed gas ﬂows and experimental conditions are
reported in Table 1), thus at a predetermined pO2, for
180 min and subsequently ﬂushed with He (90 mL/min)
for 30 min. To determine the non-stoichiometry, dry air
was thereafter fed (5 mL/min) while using N2 as internal
standard to calculate the amount of adsorbed O2. The
efﬂuent gases were monitored by an online mass
spectrometer (Pfeiffer Omnistar), recording the mass
numbers (m/z) 4, 14, 18, 28, 32 and 44. The initial
oxygen content of the oxides before reacting with CH4 in
the transient tests (after exposure to He, AGA 99.9995%,
for 10 min) was measured in a separate experiment.
Samples were exposed to a stream of the carrier gas for
10 min and thereafter to air (5 mL/min), N2 was used as
internal standard to calculate the amount of absorbed O2.
2.4 Transient Catalytic Test (CH4/O2)
Catalytic testing was performed in a tubular quartz reactor
(i.d. 8 mm) at 873 K and 1 atm pressure. The catalyst
(0.1 g, 0.2–0.5 mm diameter) was diluted by quartz (0.4 g,
0.2–0.5 mm). An automated setup equipped with 4-way
and 6-way VICI VALCO valves was used. Feed gases
(AGA, 99.996%) were used without further puriﬁcation.
The 4-way valve was used to switch between 10% CH4/He
and 10% O2/He mixtures. The 6-way valve was equipped
with a loop (0.25 mL) and used to send discrete pulses of
gas under a continuous stream of Ar (30 mL/min), to the
reactor. O2 pulses were sent to the reactor every second
minute while the catalyst was heated to 873 K. The sample
was equilibrated in He ﬂow for 30 min at 873 K and
thereafter subjected to a series of 50 CH4 pulses (10% CH4/
He, 1.04 lmol CH4/pulse) followed by a series of 100 O2
pulses (10% O2/He, 1.04 lmol O2/pulse). Efﬂuent gases
were monitored by an online mass spectrometer (Pfeiffer
Omnistar). Calibration values for quantiﬁcation of CH4,
CO2, CO and H2 were found by sending known pulses of
these gases to an empty reactor preheated to 873 K and
integrating the area under the peaks of m/z 15, 44, 28 and
2, respectively. The contribution of CO2 to m/z 28 was
accounted for before quantiﬁcation of CO. Carbon balance
was calculated for each pulse as the sum of CO2, CO and
unconverted CH4. H2O was quantiﬁed as the difference
between converted CH4 and produced H2(90.5). The
oxygen nonstoichiometry after each CH4 pulse was cal-
culated from the amount of oxygen released in terms of
CO2, H2O and CO (Table 2).
2.5 Transient Catalytic Test (13CH4–CO/Air)
Transient tests between Pt/Ce0.75Zr0.25O2 and
13CH4 ?
12CO were performed in the same setup as described in
Sect. 2.4. Experiments were performed using two different
carrier gas ﬂows, 15 and 30 mL/min. The sample was
heated to 873 K while air pulses (dry air, 1.04 lmol air/
pulse) were sent to the reactor every 2 min. The sample
was equilibrated in He ﬂow for 30 min at 873 K and
thereafter subjected to a series of 60 13CH4 ?
12CO pulses
(1.4 lmol 13CH4, 1.1 lmol
12CO, in each pulse) followed
by a series of 50 air pulses (1.04 lmol air/pulse). The
m/z = 2, 4, 12, 13, 14, 15, 16, 17, 18, 28, 29, 44, 45 were
monitored by the online mass spectrometer.
In all catalytic tests, irrespective of possible co-feeding
of CO, CO selectivity was calculated as: 100% 9 [p(CO)/
(p(CO) ? p(CO2)], while CH4 conversion was calculated
as: 100% 9 [(p(CH4)in-p(CH4)out)/p(CH4)in]. H2 selec-
tivity was calculated as 100% 9 p(H2)/[2 9 (p(CH4)in-
p(CH4)out)].
Table 1 Experimental details for the equilibrium measurements
CO2 (mL/min) H2 (mL/min) He (mL/min) -log p(O2) (atm)
20 0.5 10 21.5
5 5 20 24.2
1 5 24 25.4
0.1 10 20 28.3
0.03 10 20 28.9
0.01 10 20 30.5
Table 2 Structural details
Sample Unit cell
volume (A˚)
Space
group
Particle size
(A˚) (XRD)
CeO2 158.4 Fm3 m 586
75CeZrO2 76.6 P42/nmcs 87
50CeZrO2 73.7 P42/nmcs 78
25CeZrO2 70.2 P42/nmcs 80
10 F. Mudu et al.
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Carbon balance was calculated for each pulse as the sum
of unconverted CH4, CO2 and CO. H2O was quantiﬁed as
the difference of the converted CH4 and the produced H2.
The statistical 13C/12C distribution among the products
in 13CH4/
12CO co-feed tests was calculated as:
[(p(13CH4)in 9 CH4 conversion 9 0.01)/((p(
12CO)in-
p(12CH4)out)/p(
12CO)in)]. At full CH4 conversion, the ratio
was 1.27.
3 Results
3.1 Material Characterization
3.1.1 Structure
CeO2 and ZrO2 form solid solutions for a wide range of
compositions and the phase diagram has been extensively
studied since the 1950s [20–25]. A monoclinic (P21/c), a
cubic (Fm3m) and three tetragonal phases termed t, t0 and
t00 (all space group P42/nmc) are reported for temperatures
below 1273 K [26–28].Their existence regions are indi-
cated in the upper abscissa in Fig. 1. The three tetragonal
phases are characterized by the degree of tetragonal dis-
tortion (c/a) and by their nature (t is stable, while t0 and t00
are metastable). The distinction between these phases,
especially between the t and t0, and between t00 and cubic is
quite subtle and can hardly be settled by laboratory scale
powder X-ray diffraction. By using synchrotron radiation
powder XRD, Lamas et al. studied the crystal structure of
the CeO2–ZrO2 solid solutions and distinguished between
tetragonal and cubic phase [29]. In Fig. 1 the pseudo-cubic
lattice parameter, deﬁned for the tetragonal phases as

aaverage ¼ 2
ﬃﬃﬃ
2
p
a
 þ c 3, is plotted for the solid solu-
tions Ce0.75Zr0.25O2, Ce0.5Zr0.5O2 and Ce0.25Zr0.75O2
obtained in this work, together with values reported by
Lamas et al. [29]. The unit cell volume variation obeys the
Vegard’s law which indicates incorporation of ZrO2 into
the CeO2 phase without major additional interactions. A
more thorough structural investigation is beyond the scope
of this work.
3.1.2 pO2 Dependency of Oxygen Non-Stoichiometry
Figure 2 shows the oxygen to cerium ratio as a function of
pO2. Since the Zr atoms do not take part in the reduction
process, the degree of reduction of the oxide is reported as
O/Ce in Fig. 2. When increasing the Zr content of the solid
solutions the Ce3?/Ce4? ratio increases at a given pO2
value. This ﬁnding is in agreement with literature data on
similar CexZr1-xO2 solid solutions [17–19]. The enhanced
reducibility of Ce4? atoms when present in the solid
solutions has been explained in terms of a combination of
enthalpy and entropy effects [18, 19].
3.2 Reactivity
3.2.1 CH4/O2 Pulses
Results from studies of the reaction between the Pt/
CexZr1-xO2 oxides and CH4 pulses are reported as a
function of the O/Ce-ratio of the oxide catalyst in Fig. 3.
For the fully oxidized samples (O/Ce close to 2), the
conversion is close to 100%. However, after repeated CH4
pulses reacted with the oxide, the CH4 conversion started to
decrease. The speciﬁc O/Ce-ratio at which the CH4
Fig. 1 Measured pseudo cubic lattice parameter for CexZr1-xO2
(circle) and as reported in Ref [29] (square). Existence regions for the
different CeZrO2 crystalline phases are reported in the upper part of
the ﬁgure [26–28]
Fig. 2 O/Ce ratio as a function of pO2 for Pt/CeO2 (diamond), Pt/
75CeZrO2 (square), Pt/50CeZrO2 (circle) and Pt/25CeZrO2 (triangle)
at 873 K
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conversion starts to decay was found to increase with
increasing Zr content. Similarly, the CO (H2) selectivity
varies with the O/Ce ratio, starting at values close to 0%
and rapidly increasing to close to 100% after passing a
critical O/Ce ratio (Fig. 3). The critical value of O/Ce at
which the CO selectivity started to rise, increased with
increasing Zr content, just as found with respect to the CH4
conversion. A peculiar feature of Fig. 3 is that the rela-
tionship between CH4 conversion and CO selectivity is
quite similar for all Zr containing samples. A CO selec-
tivity versus CH4 conversion plot for all samples is inclu-
ded in the additional informations, Fig. 1S.
As reported in Fig. 2 the oxygen potential over the
CexZr1-xO2 oxides vary with composition and degree of
reduction. In order to compare how this change correlates
with the observed variation in CO selectivity, the pO2
versus O/Ce ratio data in Fig. 2 have been converted to
values for equilibrium CO selectivity versus O/Ce ratio
according to reaction (6). The transformed data are plotted
together with the observed CO selectivity in Fig. 4.
CO2 $ COþ 1
2
O2
pCO
pCOþ pCO2
¼ 1þ Heq
pO
1=2
2
ð6Þ
Indeed, a good agreement was observed between the
theoretically calculated CO selectivity (Eq. 3) and the CO
selectivity measured during the reaction of CH4 with the
oxide. This suggests that CO selectivity is determined by
the thermodynamic redox properties of the oxide.
Through investigation of the data in Fig. 4 showed that
the experimental data were slightly shifted to the left of the
predicted data, implying slightly higher CO selectivities
than predicted from thermodynamics, especially for the
Pt/50CeZrO2 material. If our hypothesis of a thermody-
namically determined CO selectivity holds, this result
indicates that oxygen diffusion from the bulk to the surface
is too slow to maintain the same oxygen stoichiometry
throughout the nCeZrO2-x materials under the applied test
conditions, i.e., that the surface was depleted in oxygen
compared to the amount of bulk oxygen.
Accumulated data for C deposition, O consumption, CO,
H2 and CO2 production, as well as average CH4 conver-
sions and CO selectivities over a sequence of 50 CH4
pulses for each material are summarized in Table 3. The
amount of CO2 produced during the pulse series increased
signiﬁcantly when introducing Zr into ceria. As a conse-
quence, the average CO yield over the pulse series
decreased with increasing Zr content. Only the sample with
highest Zr content gave detectable amounts of C deposition
during a sequence of 50 pulses.
Overall, undoped ceria appears to possess the best
potential as a support material for the cyclic catalytic
partial oxidation reaction under the conditions studied here.
3.2.2 (13CH4?
12CO)/Air Pulses
Conversion, selectivity and isotope distribution for the
reaction between pulses containing a mixture of 13CH4 and
12CO over Pt/25CeZrO2 are reported in Fig. 5. Experi-
ments were performed with two different residence times
in order to conﬁrm or exclude kinetic effects. He ﬂows of
15 and 30 mL/min (as in the standard pulse experiments
reported in Sect. 3.2.1) were used; the results are reported
in Fig. 5a and b, respectively. An expanded view of the
second part of the same tests is shown in Fig. 4S. For some
pulses the amount of one or more of the species was too
small for accurate quantiﬁcation of the 13C distribution
Fig. 3 CH4 conversion (empty markers) and CO selectivity (full
markers) for Pt/CeO2 (diamond), Pt/75CeZrO2 (square), Pt/50CeZrO2
(circle) and Pt/25CeZrO2 (triangle) as a function of O/Ce as measured
by CH4 pulses (873 K, 1.04 lmol/pulse)
Fig. 4 CO selectivity as a function of O/Ce as measured by ﬂowing
titration (full markers, 873 K) and CH4 pulses (empty markers,
873 K, 1.04 lmol CH4/pulse) for Pt/CeO2 (diamond), Pt/75CeZrO2
(square), Pt/50CeZrO2 (circle) and Pt/25CeZrO2 (triangle) as a
function of O/Ce
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(i.e., pulses where CH4 conversion was close to 100% or
CO selectivity close to 0%). Hence, the 13C distribution is
reported discontinuously. Statistical 13C/12C ratio (see
experimental section) is reported, as a continuous red line
in the same ﬁgures.
A comparison between the conversion and selectivity
curves at the longer and shorter residence times (Fig. 5a
and b, respectively) shows that the two curves cross each
other at very similar O/Ce ratios at both residence times. It
is interesting to note that at both residence times the
13C/12C ratio in CO and CO2 corresponds to the statistical
13C/12C ratio in the whole range studied with only a small
deviation during a O/Ce ratio of*1.57–1.55. This implies
that equilibration between the two products takes place in
the whole O/Ce range. This observation supports the con-
clusion drawn above, i.e.; that the syngas selectivity in the
title reaction is determined by thermodynamics and not by
kinetics. On the other hand, the 13C/12C ratio in CH4
changed signiﬁcantly during the pulse sequence. For both
residence times, at high O/Ce, the 13CH4 conversion was
nearly complete, and the 13C/12C ratio in CH4 could not be
determined. When 13CH4 conversion started to drop, at the
longer residence time (Fig. 5a) 13C/12C ratio in CH4 went
through a minimum of 1.25 at an O/Ce ratio of 1.57. At the
shorter residence time (Fig. 5b and 4S) the 13C/12C ratio
went through a similar change, however with a minimum at
a higher 13C/12C value; approximately 1.5. The decrease in
13C/12C ratio in methane with oxygen depletion might
suggest a change in the rate-determining step of reaction,
from reaction (3) at high O contents to a later reaction step
at lower O contents. The subsequent increase in 13C con-
tent in methane at even lower O contents, observed at both
residence times, would suggest that even the back forma-
tion of methane was deactivated at lower O contents.
It has previously been suggested that the relative rates
between CO desorption and further oxidation might control
the CO selectivity in the title reaction over ceria-based
catalysts [14]. Our observation of complete equilibration of
C-containing products contradicts this view. We clearly
propose to shift focus from kinetic to thermodynamic
effects when searching for optimum cyclic partial oxida-
tion catalysts. The present work thus represents an impor-
tant step forward towards a better understanding of the
connection between thermodynamic bulk properties of
reducible oxides and their catalytic activity. The results
now available suggest that design of improved oxidants for
the conversion of CH4 to syngas should undergo reduction
in a suitable pO2 range, i.e., below 10
-25 atm at 873 K.
4 Conclusions
The relationship between methane oxidation to products
and the degree of oxide reduction was studied for a series
of Pt promoted CexZr1-xO2 materials by combining con-
version-selectivity data and thermodynamic measurements
in a lab scale tubular reactor.
The product distribution over the Pt promoted
CexZr1-xO2 solid solution was found to strongly correlate
with the thermodynamic bulk properties of the reducible
oxide. The present ﬁndings provide important input for the
further development of selective reducible oxides for
divided catalytic processes.
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Table 3 Pulse test results.
Accumulated carbon deposition
and oxygen consumption during
50 methane pulses
Sample CH4
Conversion
(%)
CO
Selectivity
(%)
C Deposited
(lmol/g-1)
O Used
(lmol/g-1)
CO2
(lmol/g-1)
CO
(lmol/g-1)
H2
(lmol/g-1)
BulkCeO2 78 96 \1 44 2 37 76
75CeZrO2 98 69 \1 90 14 33 68
50CeZrO2 97 63 \1 99 17 30 62
25CeZrO2 80 69 3 83 16 19 45
Fig. 5 CH4 conversion (circle), CO selectivity (square) and statis-
tical 13C/12C ratio (solid line), together with 13CH4/
12CH4 (square),
13CO/12CO (circle) and 13CO2/
12CO2 (star) as a function of O/Ce
over Pt/25CeZrO2
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